Proton radiography experiments of laser-irradiated hohlraums performed at the Omega laser facility are, for the first time, analyzed using 3D hydrodynamic simulations coupled to a proton trajectography package. Experiments with three different laser irradiation patterns were performed and each produced a distinct proton image. By comparing these results with synthetic proton images obtained by sending protons through plasma profiles in the hohlraum obtained from 3D radiation hydrodynamic simulations, it is found that the simulated images agree favorably with the experimental images when electric fields, due to the electron pressure gradients that arise from 3D structures occurring during plasma expansion, are included. These comparisons provide quantitative estimates of the electric field present inside the hohlraums.
In the context of indirect drive inertial confinement fusion (ICF) [1] , a hohlraum, defined as a high-Z radiation enclosure, is used to convert the incident laser energy to X-rays in order to compress a microsphere of fuel (the capsule) placed at its center. Hohlraums have also been used to create high-energy density (HED) plasma conditions for laboratory astrophysics experiments [2, 3] .
Electric fields E and magnetic fields B can be generated by many processes inside the hohlraum. From the generalized Ohm's law, the electric field E is given by:
en e µ 0 (1) With e the electron charge, p e the electron pressure, T e the electron temperature, n e the electron density,β the thermo-electric conductivity tensor, v the plasma fluid velocity, µ 0 the magnetic constant andᾱ the electric resistivity. The B-field is given by the Faraday's law ∂B ∂t = −∇ × E.
The first two terms in Eq.(1), are respectively: the thermo-electric source term (from the electron pressure gradient), and the Nernst source term. The last three terms related to B-field are respectively the advection of the magnetic field by the fluid, the resistive diffusion and the Hall source term. The E field generation is dominated by the electron pressure gradient [4] , and the B field generation by the noncollinear electron density and temperature gradients (Biermann battery effect) [5, 6] .
The presence of electric and magnetic fields can affect the plasma dynamics inside the hohlraum. B-fields can affect electron thermal transport by changing thermal conductivity [6] , while E fields play an important role in the inhibition of electron heat flux, through mechanisms like the return current instability (RCI) [7, 8] .
Over the years, proton radiography has been successful in producing detailed images of protons being deflected and scattered as they transit through hohlraums. Indeed, this method is sensitive to density and to E and B fields. These images are formed by ballistic protons that propagate through the plasma present inside a hohlraum, ultimately being collected by a detector. As they transit the hohlraum, they are either deflected by the Lorentz force associated with the fields or scattered in the plasma (or wall), before being detected. Thus, the deflections induced in the proton trajectories are a direct measure of the E and B fields present inside the hohlraum [9, 10] . The proton fluence on the detector is a quantitative measure of this deflection.
Laser-driven implosions of D 3 He capsules produce a monoenergetic proton source at 3 MeV (through the reaction D + D → T + p) and 14.7 MeV (through the reaction D + 3 H e → α + p) [11, 12] . Because this source produces a short burst of protons, (≈ 100 picoseconds) the resulting images perform instantaneous snapshots of the fields, since the plasma in the hohlraum develops on the nanosecond time scale. This method of proton imaging has been extensively used to study ICF implosions [11] [12] [13] [14] [15] , hydrodynamic instabilities and plasma flows in hohlraums [16, 17] , the existence of electromagnetic fields in hohlraum [18, 19] , in planar plastic foils [20, 21] and imploding capsule [22] . Laser propagation and filamentation in hohlraum for conditions relevant to ICF have also been studied by proton radiography [23] [24] [25] .
In this Letter, we present for the first time an interpretation of proton radiography experiments through comparisons with combined 3D hydrodynamics and proton ray-tracing simulations. This modeling predicts that 3D effects occurring during early time plasma-wall expansion inside vacuum hohlraums give rise to specific geometry and values of the E field ( 10 8 V /m) in the hohlraum that are then observed as variations in proton fluence on a synthetic proton radiograph. These images are then compared to detector images obtained in the proton radiographs. By comparing the two images, we find that the field generation is due to high-density gradients of plasma located between each of the plasma plumes created by laser beams incident on the hohlraum wall.
The experiments, illustrated in Fig.1(a) , were performed at the OMEGA Laser Facility [26] . A pro- ton backlighter (D 3 He capsule) located 1 cm from the hohlraum center is imploded to generate the proton isotropic source. The hohlraums are vacuum hohlraums with gold or CH wall in one of three laser configurations; Case A (10 beams grouped by 2), Case B (10 uniformly spaced beams), or Case C (5 uniformly spaced beams) as shown in Fig.1(b) . Each beam comes in at 59 • to the hohlraum axis with a wavelength of 0.351 µm and energy ∼ 500 J in a 1ns square pulse. Case A is the actual laser irradiation that has been used on the past OMEGA experiments [17, 18, 27] , whereas Cases B and C are simple designs to simplify direct comparison to 3D simulations.
To analyze these different configurations, 3D radiative hydrodynamic simulations have been carried out with the 3D code Troll at CEA [28] . Cases B and C are shown for a gold hohlraum in Fig 2. The electron density n e /n c is illustrated for a transverse cut (y, z) located in the middle on the expanding plasma along the longitudinal direction (axis hohlraum) at position x = 0.12cm. During the plasma blowoff the plasma plumes expand and before stagnation on axis, this expansion leads to high density regions between them, as can be seen in Fig.2(a) and (c). In Case C, the top and bottom plumes do not have neighbors on their sides, so no overdense plasma regions can be seen.
The direction of the electron pressure gradient is such that it leads to a lateral electric field pointing away from the region between each plasma plume, as was suggested before [17] but never confirmed by calculations. This Fig.2 (b) and Fig.2(d) . This indicates that the largest field is located between the plasma bubbles, and can reach values close to 15 (50) MV/m for the gold (CH) hohlraum.
As the electric field is calculated from the electron pressure gradient between the expanding plasma plumes, its maximum value has a strong dependency to the mesh refinement used in the calculation. 2D well resolved plane simulations have been conducted, allowing better resolution than in 3D, with a mesh resolution of 1nm in the radial direction (compared to 5nm in 3D, laser direction) and variation of the transverse cell size. In these simulations, the same behavior as in 3D can be observed with high density regions between the plasma plumes and electric field generation. The value of the transverse electric field obtained in these simulations is illustrated for different transverse cell sizes in Fig.3 . It is illustrated in MV/m as a function of the mesh resolution which is normalized to a transverse cell size of 18µm, such that for a normalized mesh resolution of 1.5, the transverse cell size is 12µm. For a transverse cell size of 12µm (compared to 30µm in 3D), the electric field can reach 2.6 × 10 8 V /m. As we can see, the value of the field increases as a function of the transverse resolution. A fit can be done ( Fig.3 dashed line) showing that a good convergence can be obtained and that with a transverse resolution of 4.5µm, the electric field will reach almost 3.8 × 10 8 V /m. The dependency of the value of the electric field with the mesh resolution is here clearly demonstrated. This electric field gives rise to a deflection of the protons passing between each pair of expanding plasma regions, which in turn results in a subsequent deficit in fluence on the proton radiographs. The experimental modulation of the proton dose δn/n p (with n p being the homogenous dose) obtained on the detector for the gold hohlraum with the Case A laser irradiation, the Case B with a CH hohlraum driven and for the gold hohlraum with Case C are illustrated respectively in Fig.4(a) , (d) and (g). On each image darker means higher proton fluence (proton accumulation, compared to ballistic propagation with no deflection) and white means lower proton fluence (proton depletion).
From the experimental modulation of the proton dose on the detector δn/n p , it is possible to infer the level of electric field responsible for the deflections observed in the experiment. Indeed, the proton dose is given by:
With D the distance between the target and the detector, e the electron charge, p the proton energy, and M is the geometrical magnification. Because the electric field has nonzero values only over a characteristic distance L x along hohlraum axis which is given as the longitudinal size of the bubble (L x 0.15cm, see Fig.1(a) ) , the transverse electric field can be related to the proton dose by:
For 14.7M eV protons and a geometrical magnification corresponding to the position of the expanding plasma, we have: E ⊥ (V /m) 2 × 10 12 L ⊥ (cm) δn np . From the experimental modulations, we can infer that the typical size of the depletion area is close to L ⊥ 200µm for a proton depletion of δn/n p −0.8. The electric field inferred from the experiments is close to 4 × 10 8 V /m, which is close to the asymptotic value of the electric field obtained from the 2D well resolved simulations.
3D electric fields calculated from hydrodynamic quantities are given as input to a proton ray-tracing package, called ILZ [29] , that creates a source and propagates protons with given energy through the electromagnetic field maps and deflects them according to the Lorentz force induced by the electromagnetic field using a classical particle pusher like those found in particle-in-cell (PIC) codes [30] . The finite source size of the backlighterhas been taken into account in ILZ by a Monte-Carlo treatment. The proton fluence on the detector is then reproduced by considering the dimensions and distances of the triplet source/object/detector. Dose deposition of the protons on the detector are interpolated, also as done in the PIC method with Cloud-in-Cell techniques to enhance dynamic range. It is important to note that only by tracing the protons along their "line of slight" between the source and the film through the actual self-consistent fields obtained from a fully 3D simulations we are able to make valid comparisons to the experimental images.
The simulated proton fluence resulting from the coupling between Troll and ILZ for these three cases are illustrated in Fig.4(b) , Fig.4 (e) and Fig.4(h) . Because the electric field from 3D simulations is not fully converged, its value has been increased in order to match the experimental data, resulting approximately in an increase by a factor 10. In the gold hohlraum case, the protons were generated and sent through at t=1.3ns (0.8ns for CH hohlraum). At this time, experiments show evidence of stagnation, however the hydrodynamic simulations do not. Therefore we will compare only at early times, when the spatial structure resulting from deflection are clear, and not dominated by stagnation, as observed at late times. Since the hohlraum is a simple cylinder, the red and blue circles seen on the pictures correspond to the geometrical limitation induced by the length of the hohlraum (see Fig.1(a) .) Outside the blue circle the proton dose is homogeneous and protons have a simple ballistic trajectory. Because ILZ does not describe scattering inside the matter, no comparisons can be made between the red and blue circle. As we can see, only the presence of the electric field from electron pressure gradient is enough to reproduce the unique structure observed in the experimental proton fluence: between each pair of plasma plumes, protons are deflected and pushed away resulting in strong depletion between each pair and accumulation on the side. Fig.4(a) and (b) shows that for Case A the synthetic proton radiograph reveals a pattern of 5 areas of pro-ton depletion consistent with the 5 laser focal spots (see Fig.1(b) ). As shown in Fig.4(g) and (h), while stagnation cannot be reproduced, the depletion of protons induced by lateral electric field can be nicely reproduced. More importantly, it can be checked that the two plasma plumes without neighbors on one side (those at 7 and 11 o'clock) do not exhibit proton depletion. This can be explained by the lack of a high-electron density region (or lateral electric field) as seen in the hydrodynamic simulation in Fig.2(a) which in turn leads to a lack of proton depletion in this area. Therefore, with this irradiation pattern, only 4 regions of protons depletion can be seen both in experiment and in the simulation. Because the electric field at first order is the source of magnetic field, we can estimate the source term for the magnetic field as ∂B ∂t = −∇ × E and examine how the topology of B can act on protons. To estimate a given magnetic field as input in ILZ we assume a integration time of the source term of t = 100ps, and use the experimental/converged electric field (as discussed above). The case where the proton dose is the result of deflections due to this magnetic field are illustrated for the different cases A, B and C respectively in Fig.4(c) , (f) and (i). Under the influence of this magnetic field, the protons now undergo some deflections between the plasma plumes that result in a "twist" motion and therefore in an accumulation between the plasma plumes. This results in protons not being completely ejected from between plumes, whereas the case of electric field alone ( Fig.4(b) , (e), (h)) more closely reproduces the observed feature of complete ejection.
In summary, this work represents the first quantitative study of self-generated electric fields in hohlraums. The basis of the study is the direct comparison of experimental proton radiograph images to detailed 3D hydrodynamics simulations that are coupled to a proton ray-tracing simulation. Under several different irradiation patterns, the effects of self-generated electric and magnetic fields (due to the 3D structures occurring between the expanding plasma plumes) on protons passing through the hohlraum are analyzed. Peak values of E fields in these holraums are estimated to be ∼ 10 8 V /m. It is found that electric fields are predominately responsible for the proton depletion between the plasma plumes (as seen in the experimental images), whereas the addition of a magnetic field tends to both expel and introduce proton flux into these depleted regions: something that is not seen in experimental images. On the other hand, a complete understanding of the B-field evolution would require a full magnetohydrodynamics (MHD) description in order to simultaneously estimate the creation and convection of B-fields. The results have important implications for understanding the role of electromagnetic fields in indirect drive ICF, not only in the understanding of the hohlraum physics, but also for generating HED plasma conditions in general.
